Fast ion redistribution and losses caused by plasma disruptions, Toroidal Alfvén Eigenmodes (TAE) and fishbones are measured with a suite of improved gamma-ray diagnostics, Neutral Particle Analyser (NPA), neutron spectrometry, Faraday Cups and a Scintillator Probe (SP). Fast ion populations in the MeV energy range were generated in fusion reactions and were also produced by 3rd harmonic Ion Cyclotron Resonance Heating (ICRH). Significant fast ion losses preceding plasma disruptions were often detected by SP in discharges with high b N . These losses were caused by the m = 2/n = 1 kink mode and typically occurred at the time of thermal quench, before the current quench. Core-localised TAE modes inside the q = 1 radius causing redistribution of the fast ions in the resonance energy range were directly measured for the first time with the gamma-ray camera, confirming that the TAE instability expels fast ions from inside the q = 1 radius and triggers the monster sawtooth crashes. Energy and pitch angle resolved SP measurements of lost fusion products in the MeV energy range were found to correlate with low-frequency fishbone oscillations driven by 100keV beam ions. The origin and amplitude of these nonresonant losses are investigated.
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AbstrAct.
Fast ion redistribution and losses caused by plasma disruptions, Toroidal Alfvén Eigenmodes (TAE) and fishbones are measured with a suite of improved gamma-ray diagnostics, Neutral Particle Analyser (NPA), neutron spectrometry, Faraday Cups and a Scintillator Probe (SP). Fast ion populations in the MeV energy range were generated in fusion reactions and were also produced by 3rd harmonic Ion Cyclotron Resonance Heating (ICRH). Significant fast ion losses preceding plasma disruptions were often detected by SP in discharges with high b N . These losses were caused by the m = 2/n = 1 kink mode and typically occurred at the time of thermal quench, before the current quench. Core-localised TAE modes inside the q = 1 radius causing redistribution of the fast ions in the resonance energy range were directly measured for the first time with the gamma-ray camera, confirming that the TAE instability expels fast ions from inside the q = 1 radius and triggers the monster sawtooth crashes. Energy and pitch angle resolved SP measurements of lost fusion products in the MeV energy range were found to correlate with low-frequency fishbone oscillations driven by 100keV beam ions. The origin and amplitude of these nonresonant losses are investigated.
IntroductIon
This paper summarises results of studies of fast ion losses caused by plasma disruptions, TAE and fishbones in JET plasmas with a carbon wall using the improved diagnostic capability built up on JET in recent years [1] . Understanding physics of fast ions will play a crucial role in the design of plasma facing components for DEMO and for operation of ITER.
Diagnostics of the confined ions, i.e. gamma-ray diagnostics [2, 3] , neutral particle analyser (NPA) [4] , neutron spectrometry with TOFOR [5] , as well as the diagnostics of lost ions, Faraday Cups [6] and Scintillator Probe (SP) [7] , were all used for simultaneous measurements of various 
FAst Ion losses And m=2/n=1 kInk mode
Fast ion bursting losses preceding a plasma crash or disruption were detected by the SP in Advanced Tokamak (AT) plasma discharges with high b N and q(0)>1.5 [8] . The m = 2/n = 1 infernal kink modes and m = 3/n = 2 Neoclassical Tearing Modes (NTMs) were dominantly limiting the plasma performance in these experiments. The most significant MHD impact on the plasma was observed where the m = 2/n = 1 modes had high amplitude. Significant losses of fast ions in the MeV range accelerated with ICRH and fusion products were detected with the SP diagnostic during plasma disruptions caused by such high-amplitude modes.
The scintillator probe, which is located just below the mid-plane of the JET torus outside the plasma, detects lost ions and provides information on the lost ion pitch angle S = arccos(v || /v) with 5% resolution in the range 35° -85° and gyro-radius between 3cm and 14cm with 15% resolution.
The basic principle of scintillator measurements is the emission of light by a scintillating material after a fast ion strikes this material. Selection criteria for the particles that hit the scintillator are introduced by using a collimator matched to the equilibrium magnetic field of JET. An optical arrangement within the scintillator probe is used to transfer the light emitted by the scintillator through a coherent fibre bundle towards a charge-coupled device (CCD) camera and a photomultiplier (PMT) 4×4 array. The CCD camera used in SP can provide 10-50ms snapshots of the light intensity on the pitch-angle -gyro-radius grid calculated with the EfipDesign code [9] . The PMT current was digitized with 5kHz (200 Os time bins), however the characteristic scintillator decay time is 2ms. A theory of fast ion redistribution due to the m = 2/n = 1 instability was developed in Ref. 10, where the interaction mechanism of energetic trapped ions with the pressure driven MHD instability (similar to that shown in Fig.1 ) was studied, but without SP data. In the case of the discharge with a disruption (Pulse No: 77896), the internal inductance and plasma rotation are dropping similar to a JET pulse discussed in [10] just before the thermal quench. In the Pulse No: 77894 the plasma rotation also decreases but an increase in the inductance is observed. One notes that in Pulse No: 77894 the plasma rotation significantly decreased off axis at R = 3.3-3.4m during the crash (t cr = 5.533s), while a central plasma rotation drop was observed in the case of Pulse No: 77896 (t cr = 5.485s). Figure 3 demonstrates how the electron temperature profile reacts to the MHD events in these two different discharges, with the mode at the q = 2 magnetic surface seen from the electron temperature profiles.
There is no evidence provided by the g-ray spectrometers that the D-beam ions were also accelerated by ICRH (i.e. g-ray emission from the 12 C(D,pg) 13 C reaction was not detected [2] ).
This is interpreted as the SP signal being from H-ions alone accelerated with ICRH. 
FAst Ion InterActIon wIth tornAdo modes
A set of experiments were carried out where interactions of core-localised TAE modes [11, 12] , so-called 'tornado' modes localised inside the q = 1 magnetic surface, with fast D-ions in the MeV energy range were studied in plasmas with monster sawteeth.
The tornado modes were identified as core-localized TAEs within the q = 1 radius [13] . The effect of tornado modes on fast particles was first detected on JT-60U [11] , where a significant loss of the fast-ion confinement and degradation of total plasma energy content were observed.
Also TAE and tornado mode activities affecting fast ion power deposition profiles were found on DIII-D [14, 15] and on TFTR [16] . The fast particle redistribution/ losses similar to those observed on JT-60U were found on JET as a significant (by a factor of 2) decrease of g-ray emission coming from the nuclear reaction 12 C(p,p'g) 12 C during the combined activity of tornado modes (inside the q = 1 radius) and TAE (outside the q = 1 radius) [17, 18] . Also core-localized TAE modes were observed to cause significant fast ion redistribution in the plasma core and enhanced losses in AT plasma discharges [19] . This is a resonant process, and it is estimated that deuterons with energy ~0.5MeV are resonant with the tornado modes. For the first time, JET has performed experiments in which the resonant redistribution of D ions could be directly observed with the 2D gamma-ray camera [3] .
In the present experiments a population of the fast particles was obtained by central 3rd harmonic ICRH-acceleration of D-beam ions in the D-plasma. Figure 6 shows wave-forms of a typical plasma discharge with a monster sawtooth. Figure 7 shows many discrete modes in the TAE frequency range.
Just before the crash, at t>15.1 sec TAE and bi-directional tornado modes are seen with toroidal mode numbers n = 3, ± 4, ± 5, 6, 7, 8. The existence of the n = 3 mode, the lowest-n mode before the monster sawtooth crash, shows that q (0) at the time of the mode appearance, 15.1sec, has to be below q TAE < 0.83, which is the existence condition, q TAE = (2m + 1)/2n, for n = 3.
The g-ray emission from the reaction Spatial profiles of the g-ray emission in the energy range E g > 1MeV were measured using the 2D g-ray camera [3] , which have 10 horizontal and 9 vertical collimated lines of sight. Each collimator defines a poloidal-viewing extent at the centre of plasma of about 10cm. The detector array is comprised of 19 CsI photo-diodes. These detectors are well calibrated with radioactive sources 22 Na (0.511MeV, 1.275MeV), which are embedded in the detector-array module, and with 4.44
MeV gammas generated by the Am-Be neutron source. The data acquisition system accommodates the g-ray count-rate measurement in 4 independently adjustable energy windows. This allows g-ray peaks for a given fast ion population in specific windows to be counted separately. The measured line-integral g-ray brightness along the viewing direction can be tomographically reconstructed to get the local g-ray emissivity in a poloidal cross-section, assuming that the distribution of the low-Z impurities is uniform in the plasma core as confirmed by atomic spectroscopy measurements. The effective spatial resolution of the diagnostic in these experiments is about ±6cm. The special energy window (see Fig.8 ), containing the 3.09MeV peak with its single and double escape satellites was set up to measure spatial profiles of the g-ray emission from D ions. Another energy window related to the neutron induced g-ray emission was used for assessments of the background component recorded in the 3.09MeV window. n = 3 n = 3
Measurements of confined fast particles with the 2D g-ray camera made it possible to distinguish the energy ranges of fast D-ions using I-ray emission from the 12 C(D,pg) 13 C reaction threshold deuteron energy E D ≈ 0.5MeV [3] , a much lower threshold than the 4.5MeV proton threshold of the 12 C(p,p'g) 12 C reaction in [17, 18] . In addition DD neutron data from the TOFOR provides information on high energy deuterons E D > 0.5MeV [5] . This makes it possible to observe their spatial redistribution during the core-localised TAE activity preceding monster sawtooth crashes.
In all discharges with tornado modes an extensive re-distribution of fast D-ions in the energy range of 0.8MeV-1.2MeV was observed with the 2-D g-camera. Indeed, line-integrated emissivities One can see from Fig.7 that at around t = 15.5s the observed TAE activity is abruptly terminated by the occurrence of a monster sawtooth crash, which may have been triggered by the loss of fast ion stabilization due to the tornado modes [14] [15] [16] [17] [18] . A burst of fast ion losses during the sawtooth crash is clearly seen in Fig.6 . The change in the equilibrium profiles, as a result of the sawtooth crash, most notably for the safety factor, q, then violates the existence criterion for the tornado modes which accounts for their abrupt disappearance. The modelling of D-ion redistribution [20] in the presence of tornado modes has been carried out with HAGIS [21] using HELENA [22] equilibrium and TAE modes calculated using the CASTOR code [23] .
FIshbone eFFects on FAst Ion losses
High-b NBI-driven poloidal magnetic field oscillations in tokamak plasmas in the frequency range ~ 10-20kHz are destabilised with perpendicular and tangential neutral beams and associated with redistribution of the beam ions [24, 25] . Trapped and circulating beam-ions resonate with the corelocalised m = 1/n = 1 mode [26] . Drops in the neutron rate dominated by beam-plasma DD reactions of up to 10% are associated with this activity in JET plasmas [27] .
Interaction of fusion-born a-particles with fishbones is one of the important issues for burning plasmas in ITER-type machines. Estimates show that fishbones may be driven by resonant interaction with relatively low-energy alphas, E ≅ 400keV. For this energy range, any radial transport of the almost thermalised alphas caused by the fishbones may become beneficial since it helps to solve the ash removal problem. However, the low-frequency fishbone driven by thermalised alphas may also degrade the confinement of alphas at much higher energies. This question was discussed in [28] , and it was shown that the loss of toroidal symmetry caused by the m = 1/n = 1 perturbation may indeed strongly affect the highly energetic non-resonant alphas. In order to validate the theory of the non-resonant losses, JET experiments were performed by measuring losses of highly energetic ions in the MeV energy range in the presence of fishbones driven by NBI ions with energy 80-100 keV. Namely, the energy and pitch angle resolved SP measurements of MeV-ions ejected from the plasma during the non-resonant fishbone oscillations were studied [29] . The lost ions are identified as fast protons accelerated by ICRH (~0.5-4MeV). Losses arriving at the probe are enhanced by about a factor 10-20 with respect to MHD-quiescent levels and are found to increase quadratically with the fishbone amplitude. Numerical simulations have been performed which combine the HAGIS, MISHKA and SELFO codes [30] . The losses are found to originate from orbit stochastic diffusion of trapped protons near the plasma boundary or/and from counter-passing protons deep in the plasma core which transit under the influence of the fishbone into an unconfined trapped orbit.
The simulations show that the losses are of non-resonant type indeed confirming the mechanism proposed in [28] for highly energetic C-particles.
conclusIons
In JET discharges with high b N and q(0)>1.5, the m = 2/n = 1 kink modes which limit the plasma performance were also found to affect strongly the losses of ICRH-accelerated energetic ions. These losses exhibit a bursting temporal evolution and achieve peak values (as measured at the SP position) up to factor ~20 higher than those in MHD quiescent plasmas. One of the unexpected features for the losses of ICRH accelerated ions during plasma disruptions caused by the kink modes was the preserved pitch-angle distribution of the lost ions. This distribution remained close to the pitchangle determined by ICRH well after a disruption even though it might be expected that Coulomb collisions could transform the distribution function into an isotropic one. The increase of the losses in amplitude and the narrow pitch-angle of the lost ions may require a further assessment of the impact of such losses on Be walls.
Experiments on beam acceleration with 3rd harmonic ICRH carried out on the JET tokamak provided important new data on monster sawteeth stabilisation by fast ions interacting with tornado modes (TAE inside the q = 1 radius). In general, the experimental results show trends expected from theory [14] [15] [16] , which explains the monster crash as a result of the tornado modes expelling fast ions to the region outside the q = 1 radius with the inevitable loss of the fast ion stabilising effect on the sawtooth. This extends earlier studies of this effect on JET [12, 17, 18] , with a different fast ion population (deuterium instead of hydrogen) and new g-ray data on fast ions with energy ≥ 0.5MeV, which is close to the resonance energy for the ion interaction with tornado modes. This allows one to observe a g-ray response of fast ions resonating strongly with the tornado modes in the energy range 0.8MeV-1.2MeV inside the q = 1 radius. Together with the neutron spectrometry available for D-D reactions, much better coverage of the fast ion redistribution by the tornado modes was experimentally obtained. These experiments provide a very good foundation for sawtooth and tornado modelling [20] . The experimental observation of the non-resonant losses of trapped energetic ions in the presence of NBI-driven low-frequency fishbones [29] was found to be in line with theory [28] . This effect could be important for fusion-born alpha-particles in scenarios with fishbones (e.g. hybrid scenarios). 
